The objective of this research was to investigate the effect of pulsed electric field (PEF) processing on the volatile compounds produced in onion cultivars. The changes in the volatile compounds of onions were assessed comparing results observed while measured immediately and 24 h after PEF treatment using headspace solid-phase microextraction gas chromatography-mass spectrometry (HS-SPME-GC-MS). Significant increases in the concentrations of propanethial S-oxide, propenyl propyl thiosulfinate, 2-methyl-2-pentenal, dipropyl disulfide, propenyl propyl disulfide, methyl propyl disulfide, and methyl propenyl disulfide were observed immediately after PEF treatment. The concentrations of propenyl propyl thiosulfinate, dipropyl disulfide, methyl propyl disulfide, dipropyl trisulfide, methyl propyl trisulfide, and propenyl propyl trisulfide increased after 24 h compared to initial concentrations. It is postulated that these changes are due to PEF-induced cell permeabilisation that facilitates enzyme-substrate reactions after the PEF treatment.
Introduction
Pulsed electric field (PEF) technology has stimulated intense research as an alternative processing technique to achieve cellular disruption since the 1960s [1, 2] . This processing applies short (microto milli-seconds) pulses of high voltage across food materials placed between electrodes [3, 4] . PEF processing at electric field strengths lower than 2 kV/cm can modify the structure and texture of plant tissue, which can enhance mass transfer, thereby facilitating extraction of phytochemicals and improving the accuracy and energy efficiency of cutting and slicing [5, 6] . However, most of these phenomena have been studied on mechanically fragmented tissue sections such as tissue disks [7] [8] [9] , tissue slices [8, 10] , tissue cubes [11] , and tissue cylinders [12, 13] . PEF treatment has been shown to produce non-uniform effects on the microstructure of intact tubers (e.g., potato and kumara) [14, 15] . Thus far, limited information is available on how PEF treatment influences the volatile profile of intact plant materials.
Onions (Allium cepa and Allium fistulosum) are commonly used for culinary purposes [16] and are rich in trans-S-propenyl cysteine sulfoxide (PECSO), S-propyl cysteine sulfoxide (PCSO), and S-methyl cysteine sulfoxide (MCSO). These compounds act as volatile flavor compound precursors [17, 18] .
The volatile compounds in onions are produced when cell damage occurs facilitating the mixing of the enzyme alliinase and the flavor precursors, which are present in different compartments of the cell, namely in vacuole and cytoplasm, respectively [19] .
In the literature, the volatile compounds in onions are typically characterized on completely disrupted tissue, where the enzymatic reactions have been allowed to occur completely over a defined time period. This study aimed to assess the changes in the volatile profile in intact onions immediately after PEF treatments and 24 h after PEF treatment in order to understand the impact of PEF processing and storage on an onion's physiochemical properties.
Materials and Methods

Chemicals and Reagents
Potassium dihydrogen phosphate (KH 2 PO 4 ), dipotassium hydrogen phosphate (K 2 HPO 4 ), mannitol, sodium chloride (NaCl), and fenchyl alcohol were purchased from Sigma Aldrich (St. Louis, MO, USA). Methanol (LiChrosolv liquid chromatography grade) was purchased from Merck (Darmstadt, Germany).
Onion Sample Preparation
Three onion varieties, namely Yellow Sweet Spanish bulbs (Allium cepa), Red Bunching, and Ishikura White Bunching (Allium fistulosum), were cultivated under controlled conditions in the field of Department of Botany (University of Otago, Dunedin, New Zealand) and hand-harvested at the age of 20 weeks. Immediately after harvest, the onions were visually screened for any damage or bruises and sorted based on their diameter (13-20 mm) as a measure of maturity. All onion samples were gently cleaned of any dirt and any papery outer scale. The samples were stored at 4 • C and 90-100% relative humidity under subdued light and used within 24 h.
Before PEF treatment, onion samples were cut to achieve a total length of 7 cm (0.5 cm of root and 6.5 cm of shoot regions) to fit inside the PEF treatment chamber. A randomized paired experimental design was used for each cultivar and PEF treatment in order to minimize the variability between the two-time sampling points, i.e., immediately (T0) and 24 h (T24) after PEF treatment. Two matching onions were paired (one for T0 and the other for T24), weighed and positioned side by side inside the chamber using a non-conductive sample holder. The roots were facing the high voltage electrode of the chamber. The onion samples were fully immersed in potassium phosphate buffer (10 mM, pH 7.0, conductivity 1.68 ± 0.73 mS), avoiding air bubbles, and made up to a constant total weight of sample and buffer of 350 g. The same sample preparation procedure was mimicked for the untreated (control) onion samples, at T0 and T24.
PEF Treatment
PEF equipment used in this investigation was an ELCRACK ® HVP-5 (German Institute of Food Technologies, Quakenbrück, Germany) in batch configuration. The treatment chamber (400 mL capacity, 100 mm length × 80 mm width × 50 mm height) consisted of two stainless steel electrodes of 5 mm thickness separated by a distance of 80 mm.
In this study, electric field strengths of 0.3 (low PEF), 0.7 (medium PEF), and 1.2 kV/cm (high PEF) using a pulse width of 20 µs, a pulse frequency of 50 Hz, and a specific energy of 5 kJ/kg were applied for comparison to untreated (control) samples. All PEF treatments were carried out at room temperature (20 ± 2 • C) and the temperature changes due to PEF treatments were found to be negligible. All PEF treatments were conducted in a randomized order and repeated using eight independent samples as replicates.
Immediately after PEF treatment, both samples were removed from the buffer. The T0 sample was packed in aluminum foil, snap-frozen in liquid nitrogen, and stored at −80 • C. The T24 sample was placed on wet paper towels and kept at 4 • C for 24 h, snap-frozen, and stored at −80 • C as per the T0 samples.
The frozen onion samples were subsequently ground under liquid nitrogen into a fine powder using a mortar and pestle. The frozen onion powder was stored at −80 • C in sealed Eppendorf tubes until analysis.
Headspace SPME-GC-MS
Frozen onion powder (0.5 g) was mixed with 2 mL of 90% methanol in a 20 mL headspace vial. The sample was swirled and left to stand in an ice slurry for 10 min to inactivate the enzyme activity. Saturated NaCl solution (8 mL) and fenchyl alcohol (internal standard (IS), 100 µL of 10 ppm) were then added to the headspace vial and sealed with a PTFE-coated silicon septum screw cap. Samples were then loaded on to the auto sampler (PAL RSI 85, CTC Analytics, Zwingen, Switzerland) for analysis.
Volatile compounds were extracted using a divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS; 50/30 µm) SPME fiber (Supelco, Sigma-Aldrich) for 30 min at 40 • C. Volatile compounds were analyzed using an Agilent 6890N gas chromatograph equipped with a VL MSD 5975B mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). Separations were achieved on a Zebron ZB-WAX capillary column (60 m × 0.32 mm ID, 0.50 µm d.f., Phenomenex, Torrance, CA, USA) using helium as the carrier gas at 1.0 mL/min constant flow. The sample desorption was performed for 5 min at 240 • C in the GC injection port (split/splitless inlet) operated in splitless mode for 2 min. The oven temperature was held at 40 • C for 3 min, increased at 5 • C/min to 120 • C, and then increased at 10 • C/min to 240 • C with a hold time of 5 min (total run time 38 min).
The MS was operated at a source temperature of 230 • C, interface temperature of 150 • C, using electron impact (EI) mode with electron energy at 70 eV. All the analyses were carried out in a full scan mode, scanning in the range of 30-250 amu at a scan rate 1.56 u/s (6.1 scans/s). MSD ChemStation software (version D.03.00.611, Agilent Technologies, Santa Clara, CA, USA) was used for peak analysis of the volatile compounds. Compounds were tentatively identified by comparing the mass spectra to the National Institute of Standards and Technology (NIST 2014) database. The extracted ion count of the detected compounds was manually integrated, using specific mass ions. Linear retention indices were calculated to support the identification of the compounds. Samples were analyzed in a randomized order, blocked by biological replicates.
Statistical Analysis
The experimental data was collected from three onion cultivars, each inclusive of control and three PEF treatments in a randomized order and replicated using eight independent samples.
Principal component analysis (PCA) was carried out to investigate the relationship between the volatile compound concentration and the time period of analysis for each control and PEF treatment intensity, using Solo (version 8.2, 2017, Eigenvector Research, Wenatchee, WA, USA).
The data was checked for outliers using a two tailed (Kolmogorov-Smirnov) normality test, with a significance level of p ≤ 0.05, using The Unscrambler X (CAMO Analytics, Manolia, TX, USA). The data was then analyzed using two-factor analysis of variance (ANOVA) (treatment and time), with a significance level of p ≤ 0.05, using XL STAT (Addinsoft, New York, NY, USA). Significantly different means were determined using Fisher LSD's post hoc comparison testing. Mean peak areas (extracted ion) and standard errors of the mean were calculated using eight independent replicates.
Results and Discussion
Identification and Characterisation of Volatile Compounds
A total of 14 volatile compounds were detected in both control (untreated) and PEF-treated samples, in addition to the internal standard and methanol ( Table 1 ). The volatile compounds detected in the onion cultivars can be categorised into three chemical classes: alkanes (nonane, decane, and undecane), aldehyde (2-methyl-2-pentenal), and the sulfur-containing compounds (propanethial s-oxide, methyl propyl disulfide, dipropyl disulfide, propyl propenyl disulfide, methyl propyl trisulfide, dipropyl trisulfide, propenyl propyl thiosulfinate, and propenyl propyl trisulfide). These dominant sulfur-containing compounds are responsible for the characteristic onion flavour [18, 20] .
In the control samples, low concentrations of volatile compounds were detected. This could be due to compounds generated as a result of cutting during sample preparation. Upon PEF treatment, the concentrations of these compounds increased significantly (p < 0.05) immediately after PEF treatment and after 24 h incubation (Tables S1-S4 ). These results demonstrate that the volatile compounds are generated upon the application of PEF treatment. 
Evaluation of PEF Treatment Intensities and Incubation Time on the Volatile Compounds
Principal components analysis (PCA) was utilised to visualise the differences in the headspace concentrations of the detected volatile compounds due to different PEF treatment intensities and incubation time. The PCA biplots for each of the three onion cultivars explained between 83% and 92% of the variance on the first two principal components (PCs) (Figure 1 ). The trends explained by the PCs for the three cultivars studied were found to be similar. The first trend explained by PC1 is the effect of incubation time on the PEF-treated samples. The T0 samples are negatively correlated (left) on the PC1 axis, whereas the T24 samples are positively correlated (right). The magnitude of this effect was found to be greater at medium-and high-PEF intensities. The second trend explained by PC2 is the effect of PEF treatment intensities at T0. The two control samples (T0 and T24) are both negatively loaded on PC2, and an increase in electric field strength moved the scores of PEF treatment intensities towards the positive loading of PC2 for T0 samples.
The impact of PEF treatment on volatile compounds was found to be different between the onion cultivars studied. The differences could have been caused due to their difference in the relative concentration of volatile precursors, which is based on the genotype and the growth environment (e.g., sulfur supply) [23] . In the Red Bunching onions, the variation along PC1 (67.6%) was found to be correlated with the incubation time upon PEF treatment ( Figure 1A ), whereas the PEF treatment intensities were discriminated from each other along PC2 (21.3%).
The concentration of PSO, nonane, decane, 2M2P, and DMT were associated with the mediumand high-PEF treatment intensities for the T0 samples. In contrast, the higher concentrations of sulfur-containing compounds (thiosulfinates, disulfides, and trisulfides) were found to be associated with the medium-and high-PEF treatment intensities at T24. The variations observed in both PCs of the Ishikura onions were found to follow a similar trend for the Red Bunching onions. The variation along PC1 (65.6%) was correlated with incubation time upon PEF treatment ( Figure 1B ) and the PEF treatment intensities were discriminated from each other along PC2 (26.5%). The concentration of PSO, alkanes (nonane, decane, and undecane), 2M2P, and DMT were highly correlated to the medium-and high-PEF-treated samples at T0; in the top left quadrant (negative PC1 and positive PC2). In contrast, the concentration of the volatile sulfur compounds (disulfides and trisulfides) were found to be proportionally higher in the medium-and high-PEF-treated samples at T24; in the top right quadrant (positive on both PCs).
A different trend was observed for Yellow Sweet Spanish bulbs ( Figure 1C ). The variations between the PEF treatment intensities were found to be highest between the control and medium-PEF-treated samples, with PC2 explaining 24% of the variance. The trend between PEF-treated samples analysed at T0 and T24 remained the same, being principally explained on PC1 (59.4% explained variance). The concentration of PSO, alkanes (nonane, decane, and undecane), 2M2P, and DMT were found to be highly associated with the medium-PEF treatment intensity at T0, whereas the concentration of disulfides and trisulfides were found proportionally higher in concentration upon medium-PEF-treated samples at T24.
These PCA results have demonstrated a direct correlation between the PEF treatment intensities and the overall concentration of volatile compounds in each onion cultivar. Moreover, the impact of incubation time upon PEF treatment was found to play an important role in the final concentration of volatile compounds, across all onion cultivars. the Ishikura onions were found to follow a similar trend for the Red Bunching onions. The variation along PC1 (65.6%) was correlated with incubation time upon PEF treatment ( Figure 1B ) and the PEF treatment intensities were discriminated from each other along PC2 (26.5%). The concentration of PSO, alkanes (nonane, decane, and undecane), 2M2P, and DMT were highly correlated to the medium-and high-PEF-treated samples at T0; in the top left quadrant (negative PC1 and positive PC2). In contrast, the concentration of the volatile sulfur compounds (disulfides and trisulfides) were found to be proportionally higher in the medium-and high-PEF-treated samples at T24; in the top right quadrant (positive on both PCs). A different trend was observed for Yellow Sweet Spanish bulbs ( Figure 1C ). The variations between the PEF treatment intensities were found to be highest between the control and medium-PEF-treated samples, with PC2 explaining 24% of the variance. The trend between PEF-treated samples analysed at T0 and T24 remained the same, being principally explained on PC1 (59.4% explained variance). The concentration of PSO, alkanes (nonane, decane, and undecane), 2M2P, and DMT were found to be highly associated with the medium-PEF treatment intensity at T0, whereas the concentration of disulfides and trisulfides were found proportionally higher in concentration upon medium-PEF-treated samples at T24.
These PCA results have demonstrated a direct correlation between the PEF treatment intensities and the overall concentration of volatile compounds in each onion cultivar. Moreover, the impact of incubation time upon PEF treatment was found to play an important role in the final concentration of volatile compounds, across all onion cultivars. 
Effect of PEF Processing Intensities on the Volatile Concentrations
The effect of PEF treatment had a significant (p ≤ 0.05) effect on the concentration of volatile compounds (Table S1 ). The concentration of volatile compounds detected in the control samples was found to be similar across the two-time points analysed. However, the concentrations of volatile compounds detected in the PEF-treated samples were found to be dependent on the applied electric field strength at each time point (treatment effect, Table S1 ). The detected volatile compounds have been grouped into three groups, based on their position in the enzymatic reaction cascade (Figure 2 ). 
The effect of PEF treatment had a significant (p ≤ 0.05) effect on the concentration of volatile compounds (Table S1 ). The concentration of volatile compounds detected in the control samples was found to be similar across the two-time points analysed. However, the concentrations of volatile compounds detected in the PEF-treated samples were found to be dependent on the applied electric field strength at each time point (treatment effect, Table S1 ). The detected volatile compounds have been grouped into three groups, based on their position in the enzymatic reaction cascade (Figure 2 ). The propanethial s-oxide (PSO) in onions is interesting due to its tear-inducing nature (lachrymatory factor). In the onion cultivars tested, PEF treatment intensities had a considerable effect on the concentrations of PSO measured at T0. The concentration of PSO increased with greater applied electric field strengths (>0.3 kV/cm) for all three cultivars (Figure 3) . Asavasanti et al. [7] reported that the critical electric field strength (Ec) required to rupture the onion cell and tonoplast membrane was between 0.2 and 0.33 kV/cm, supporting the current result. Increasing electric field strength resulted in enhanced cell membrane permeabilisation facilitating the occurrence of enzymatic reactions, such as the reactions between alliinase and alkenyl cysteine sulfoxides (precursor), resulting in high concentrations of PSO being observed.
After 24 h following PEF treatment, the impact of PEF treatment on PSO concentrations was found to be similar or lower than the impact at T0. The application of PEF treatment intensities has resulted in the enzymatic reaction, generating 1-propenesulfenic acid as the first intermediate compound, which is further catalysed by lachrymatory factor synthase (LFS) to form propanethial s-oxide (Figure 4) [26, 27] . The reduction in the concentration of PSO during 24 h incubation after PEF treatment, could be due to hydrolysis or loss due to its high vapour pressure (41.2 ± 0.2 mmHg at 25 °C) [28] . Group 1 contains the highly reactive propanethial S-oxide, 2-methyl-2-pentenal, and an intermediate compound, propenyl propyl thiosulfinate (Figure 3 ). Group 2 contains the disulfide compounds, namely dipropyl disulfide, propenyl propyl disulfide, methyl propyl disulfide, and methyl propenyl disulfide (Figure 4) . Group 3 contains the trisulfide compounds, namely dipropyl trisulfide, propenyl propyl trisulfide, and methyl propyl trisulfide ( Figure 5 ).
The propanethial s-oxide (PSO) in onions is interesting due to its tear-inducing nature (lachrymatory factor). In the onion cultivars tested, PEF treatment intensities had a considerable effect on the concentrations of PSO measured at T0. The concentration of PSO increased with greater applied electric field strengths (>0.3 kV/cm) for all three cultivars (Figure 3) . Asavasanti et al. [7] reported that the critical electric field strength (Ec) required to rupture the onion cell and tonoplast membrane was between 0.2 and 0.33 kV/cm, supporting the current result. Increasing electric field strength resulted in enhanced cell membrane permeabilisation facilitating the occurrence of enzymatic reactions, such as the reactions between alliinase and alkenyl cysteine sulfoxides (precursor), resulting in high concentrations of PSO being observed.
After 24 h following PEF treatment, the impact of PEF treatment on PSO concentrations was found to be similar or lower than the impact at T0. The application of PEF treatment intensities has resulted in the enzymatic reaction, generating 1-propenesulfenic acid as the first intermediate compound, which is further catalysed by lachrymatory factor synthase (LFS) to form propanethial s-oxide (Figure 4) [26, 27] . The reduction in the concentration of PSO during 24 h incubation after PEF treatment, could be due to hydrolysis or loss due to its high vapour pressure (41.2 ± 0.2 mmHg at 25 • C) [28] . The alkyl thiosulfinates are rapidly formed via self-or cross-condensation of sulfenic acids upon enzymatic initiation of the reaction cascade [25] . The concentration of propenyl propyl thiosulfinate, detected at T0, was found to increase with an increase in electric field strength in the spring onions (Red Bunching and Ishikura) ( Figure 5 ). However, no effect of PEF treatment was observed in the Yellow Sweet Spanish bulbs at T0. The differences observed could be due to the physiological properties of the cultivar and the maturity of the bulb tissue. The alkyl thiosulfinates are rapidly formed via self-or cross-condensation of sulfenic acids upon enzymatic initiation of the reaction cascade [25] . The concentration of propenyl propyl thiosulfinate, detected at T0, was found to increase with an increase in electric field strength in the spring onions (Red Bunching and Ishikura) ( Figure 5 ). However, no effect of PEF treatment was observed in the Yellow Sweet Spanish bulbs at T0. The differences observed could be due to the physiological properties of the cultivar and the maturity of the bulb tissue. After 24 h incubation following PEF treatment, the concentration of thiosulfinates significantly increased in all the onion varieties. The highest relative concentration of thiosulfinates upon PEF treatment was obtained at different treatment intensities in the onion varieties. The highest concentration of thiosulfinate in the spring onions was obtained after 24 h incubation with a high-PEF treatment. However, the highest concentration of thiosulfinate in the Yellow Sweet Spanish bulbs was obtained upon 24 h incubation with a medium-PEF treatment. Application of high-PEF treatment intensity resulted in a relatively low concentration of thiosulfinate after 24 h of the PEF treatment in the bulbs. The relative drop in the concentration of thiosulfinate in the Yellow Sweet Spanish bulbs could be due to the extensive disintegration of the plasma and vacuole membrane resulting in the leaching of the alkenyl cysteine sulfoxides from the cell cytoplasm, thus reducing the available precursor substrate for the reaction [29, 30] .
2-Methyl-2-pentenal (2M2P) was the only aldehyde detected in the onion samples in this study. 2M2P is a self-condensation product formed from propanal ( Figure 2 ) and is reported to contribute a fruity flavour to onion samples [31] . PEF treatment increased the concentration of 2M2P immediately after the treatment, and the concentration of 2M2P was afterwards found to decrease across all onion cultivars after 24 h incubation. The reduction in the concentration of 2M2P was found to be significantly higher upon the application of medium-and high-PEF treatment intensities. This reduction in the concentration of 2M2P after 24 h incubation after PEF treatment could be due to evaporation occurring during incubation. After 24 h incubation following PEF treatment, the concentration of thiosulfinates significantly increased in all the onion varieties. The highest relative concentration of thiosulfinates upon PEF treatment was obtained at different treatment intensities in the onion varieties. The highest concentration of thiosulfinate in the spring onions was obtained after 24 h incubation with a high-PEF treatment. However, the highest concentration of thiosulfinate in the Yellow Sweet Spanish bulbs was obtained upon 24 h incubation with a medium-PEF treatment. Application of high-PEF treatment intensity resulted in a relatively low concentration of thiosulfinate after 24 h of the PEF treatment in the bulbs. The relative drop in the concentration of thiosulfinate in the Yellow Sweet Spanish bulbs could be due to the extensive disintegration of the plasma and vacuole membrane resulting in the leaching of the alkenyl cysteine sulfoxides from the cell cytoplasm, thus reducing the available precursor substrate for the reaction [29, 30] .
2-Methyl-2-pentenal (2M2P) was the only aldehyde detected in the onion samples in this study. 2M2P is a self-condensation product formed from propanal ( Figure 2 ) and is reported to contribute a fruity flavour to onion samples [31] . PEF treatment increased the concentration of 2M2P immediately after the treatment, and the concentration of 2M2P was afterwards found to decrease across all onion cultivars after 24 h incubation. The reduction in the concentration of 2M2P was found to be significantly higher upon the application of medium-and high-PEF treatment intensities. This reduction in the concentration of 2M2P after 24 h incubation after PEF treatment could be due to evaporation occurring during incubation.
The application of PEF treatment significantly (p ≤ 0.05) increased the concentration of disulfide compounds, categorised in Group 2 ( Figure 4 ). Block [19] reported that the disulfides are formed upon the rearrangement of the alkyl thiosulfinates, which further depend on the degree of cell damage and time duration taken for the enzymatic reaction to occur. The impact of PEF treatment intensities on the concentration of disulfide compounds was found to be in the order of dipropyl disulfide (DPDS) followed by propenyl propyl disulfide (PPrDS), methyl propyl disulfide (MPDS) and finally methyl propenyl disulfide (MPrDS). The impact of PEF treatment intensities was found to be similar for the concentration of DPDS and MPDS, at both time points measured (Figure 4) . The concentration of DPDS and MPDS increased (2-3 fold) immediately after PEF treatment, irrespective of the electric field strength. This implies that the reaction cascade initiated upon PEF treatment has not reached completion at T0. However, the concentration of DPDS and MPDS increased enormously (7-30 fold) after 24 h of incubation and was dependent on the applied electric field strength.
The application of PEF treatment was found to have a different impact on the concentration of the PPrDS and MPrDS (Figure 4 ). The concentration of PPrDS and MPrDS increased with elevating electric field strength, measured at both time points across all onion varieties. There was no significant difference in the concentration of PPrDS and MPrDS measured between the two time points. This implies that the enzymatic reaction had almost reached completion at T0 and no further increase in the concentration of PPrDS and MPrDS occurred during the incubation period. The application of high electric field strength resulted in the highest concentration of DPDS and MPDS in the spring onions, whereas the highest concentration of DPDS and MPDS in the Yellow Sweet Spanish bulbs was achieved after 24 h with a medium-PEF intensity treatment. The maximum concentrations of disulfide compounds could also be attributed to the relative concentration of their substrates, which differs between onion cultivars [32, 33] . Overall, it could be inferred that the impact of PEF treatment had a significant effect on the concentrations of disulfides and was based on the applied electric field strength dependent on the onion varieties tested.
The application of PEF treatment was found to be insignificant on the three trisulfide compounds immediately after PEF treatment (T0, Figure 5 ). However, after 24 h incubation following PEF treatment, the concentrations of trisulfides were dependent on the electric field strength applied. The trisulfide compounds are formed upon the rearrangement of the respective alkyl disulfide compounds, along with a monosulfide substituent. Since the trisulfides are formed later in the reaction cascade (Figure 2 ), more time was required for the enzyme initiated reaction cascade to reach completion [34] and thus a difference to be measured. It was also observed that the final concentrations of trisulfide compounds were a consistent percentage of their respective disulfide concentrations, measured at a particular time point. For instance, in the Red Bunching onions, the concentration of DPDS was 10-fold higher compared to the concentration of DPTS upon the application of high-PEF treatment measured at T24. Similar to the other volatile compounds detected in the Yellow Sweet Spanish bulb onions, the highest concentrations of trisulfides were obtained upon the application of medium-PEF treatment, with a decrease at high-PEF intensities.
PEF treatment had a limited effect on the concentrations of alkanes (nonane, decane, and undecane) detected in the onion headspace ( Figure 6 ). It is suspected that the formation of alkanes are due to the fragmentation of substrate molecules (non-volatile precursors) or thiosulfinate molecules upon PEF treatment intensities [28, 35] . Moreover, the biosynthetic pathways of alkanes and their role in flavour production remains largely unknown. 
Limitations
In this study, the PEF treatment of intact onions were studied at electric field strengths lower than 2 kV/cm. Future research could investigate the impact of other PEF parameters such as specific energy, frequency, and number of pulses. The changes in volatile compositions in onion cultivars may affect the perception of onion flavour in culinary applications. Further work would be required to understand the relationship between volatile concentrations and flavour perception.
Conclusions
The study demonstrated that the application of PEF treatment influenced the volatile profile of onions based on the applied electric field strengths. The intensity of PEF treatment was correlated to the differences in the extent of cellular disruption, which resulted in the mixing of enzyme and substrates, thus facilitating reactions to generate the volatile compounds of interest. The impact of PEF treatment on the volatile compounds were found to be consistent between the three onion cultivars tested. However, quantitative differences in the volatile concentrations were observed between the cultivars, correlating to tissue type and maturity. The highest concentrations of volatile sulfur compounds were observed after 24 h incubation following a high-PEF treatment, compared to the untreated samples. Across all three cultivars, the volatile sulfur-containing compounds such as DPDS, PPrDS, DPTS, MPDS, PPrTS, and MPTS, were found to be significantly affected by PEF treatment intensities and could act as markers of cell membrane damage. This study also suggests that PEF treatment could be tailored for different applications based on the specific fruit and vegetable tissue. Moreover, these volatile compounds could also be used as markers to detect damage or deterioration in fruit and vegetables tissues. 
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